INTRODUCTION
============

Parkinson's disease is a neurodegenerative disorder mainly affecting the elderly. It is characterized by progressive damage to automatic behavior resulting in hypokinesia, sensory neglect and rigidity \[[@r1]\]. There are pathological signs in many brain regions, but the core symptoms of Parkinson's disease are clearly related to the dopamine neuron degeneration and death in the substantia nigra pars compacta (SNpc) \[[@r2]\]. In recent years, the molecular basis of the death of dopamine neurons in Parkinson's disease has been extensively discussed, such as oxidative stress, mitochondrial dysfunction, protein degradation dysregulation and potential neuroprotective treatments \[[@r3]\]. Significant progress has been made in parkinsonian neurodegeneration, which is primarily due to an in-depth understanding of the mechanisms of action of toxins, such as 6-hydroxydopamine (6-OHDA), rotenone, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, or others \[[@r4]\]. 6-OHDA is a neurotoxin that causes dopamine neuronal death and is commonly used to establish experimental models of Parkinson's disease in rodents \[[@r5]\]. Although Parkinson's disease has been investigated intensively for centuries, its etiology and pathogenesis remain unknown. In recent years, considerable evidence has demonstrated that microRNA (miRNA) deregulation is implicated in Parkinson's disease \[[@r6]--[@r9]\].

MiRNAs are regarded as post-transcriptional gene expression regulators, which play essential roles in neuronal development, plasticity as well as diseases \[[@r10]\]. A study has suggested that miR-133b is important in the differentiation and maintenance of dopamine neurons, and is reduced in midbrain samples from Parkinson's disease patients \[[@r11]\]. Besides, miR-205 has been demonstrated to be significantly down-regulated in Parkinson's disease \[[@r12]\]. Firstly found in murine pancreatic β-cell line MIN6, microRNA-375 (miR-375) is a pancreatic islet-specific miRNA and controls glucose-induced insulin secretion \[[@r13]\]. Although miR-375 has been reported to be down-regulated in the development of mouse brain \[[@r14]\] and mouse dorsal root ganglia (DRG) following chronic morphine treatment \[[@r15]\], a clear role of miR-375 has not been defined in the development of Parkinson's disease. Specificity protein 1 (SP1) is a transcription factor that is expressed in the brain, and its higher expression indicates a poorer neuronal survival \[[@r16]\]. As previously reported, elevated expression of SP1 was found in Alzheimer's disease brains \[[@r17]\]. In addition, evidence has shown that SP1 was up-regulated in the progression of neurological diseases, such as Parkinson's disease \[[@r18]\] and Alzheimer's disease \[[@r19], [@r20]\]. Moreover, the target relation between miR-375 and SP1 has been previously identified \[[@r21], [@r22]\]. Based on aforementioned evidence, we hypothesized that the elevated miR-375 and inhibited SP1 might improve the 6-OHDA-induced damage of dopaminergic neurons in Parkinson's disease.

RESULTS
=======

Behavioral examination of rats with Parkinson's disease in each group
---------------------------------------------------------------------

The Parkinson's disease rat models were established by injection of 6-OHDA in two points of the right medial forebrain bundle to explore the role of miR-375 and SP1 in pathological behaviors of 6-OHDA-induced Parkinson's disease rats. Rotation test, open field test, stepping test and cylinder test were used to assess the pathological behaviors of Parkinson's disease rats.

Results of the rotation test suggested that on the 25^th^ day after operation, none of the rats in the normal group and the sham group showed rotational behavior after induced by apomorphine, while the other four groups showed varying degrees of left rotation behaviors. The numbers of rotation circles of rats in the mimics NC and the miR-375 mimics + pcDNA3.1-SP1 group were not significantly different from that in the model group (*P* \> 0.05). Compared with the mimics NC group, the number of rotation circles of rats in the miR-375 mimics group was significantly decreased (*P* \< 0.05). The number of rotation circles in the miR-375 mimics + pcDNA3.1-SP1 group was significantly higher than that in the miR-375 mimics group (*P* \< 0.05; [Figure 1A](#f1){ref-type="fig"}).

![**The rotation test and open field test for rats in each group (n = 12).** (**A**) The number of rotation circles in each group of PD model rats induced by apomorphine; (**B**) The total distance moved of rats in each group; (**C**) The average movement speed of rats in each group; (**D**) The duration of movement in the central grid in one minute of rats in each group; (**E**) The results of the stepping test; (**F**) The results of the cylinder test; \* *P* \< 0.05 vs the normal group; \# *P* \< 0.05 vs the mimics NC group; & *P* \< 0.05 vs the miR-375 mimics group. The measurement data were expressed as mean ± standard deviation and ANOVA was used for the comparison among multiple groups. After ANOVA analysis, the Tukey's post-hoc test was used for pairwise comparison.](aging-12-102649-g001){#f1}

Outcomes of the open field test reflected that there was no significant difference between the normal group and the sham group in the total distance moved, the average movement speed and duration of movement in the central grid in one minute of rats (all *P* \> 0.05). Compared with the normal group, the total distance moved and the average movement speed decreased significantly while the duration of movement in the central grid in one minute increased significantly in the model group (all *P* \< 0.05). However, there was no significant difference among the model group, the mimics NC group and the miR-375 mimics + pcDNA3.1-SP1 group in the total distance moved, the average movement speed and duration of movement in the central grid in one minute (all *P* \> 0.05). In contrast to the mimics NC group, the total distance moved and the average movement speed increased significantly while the duration of movement in the central grid in one minute decreased significantly in the miR-375 mimics group (all *P* \< 0.05). Relative to the miR-375 mimics group, the total distance moved and the average movement speed decreased significantly while the duration of movement in the central grid in one minute increased significantly in the miR-375 mimics + pcDNA3.1-SP1 group (all *P* \< 0.05; [Figure 1B](#f1){ref-type="fig"}--[1D](#f1){ref-type="fig"}).

Results of stepping test ([Figure 1E](#f1){ref-type="fig"}) and cylinder test ([Figure 1F](#f1){ref-type="fig"}) mirrored that there was no considerable difference in the contralateral utilization ratio of rats between the normal group and the sham group (*P* \> 0.05); the contralateral utilization ratio of 6-OHDA-induced rats was lower than that in the normal rats (*P* \< 0.05); with the treatment of miR-375 mimics, the contralateral utilization ratio of rats was heightened (*P* \< 0.05). Relative to the miR-375 mimics group, the contralateral utilization ratio of rats was declined in the miR-375 mimics + pcDNA3.1-SP1 group (*P* \< 0.05).

The above results indicated that the up-regulation of miR-375 was able to improve the pathological behaviors of 6-OHDA-induced Parkinson's disease rats

Morphological observation of rats with Parkinson's disease in each group
------------------------------------------------------------------------

In order to observe the pathological injury in SNpc that caused by injection of 6-OHDA and to verify that whether the elevation of miR-375 could relieve pathological injury in SNpc that caused by injection of 6-OHDA, HE staining and Nissl staining were employed to observe the injury of cells in SNpc.

HE staining ([Figure 2A](#f2){ref-type="fig"}) showed that cells in SNpc region were dense and arranged neatly in the normal group and the sham group, and cells in SNpc region of the model group and the miR-375 mimics + pcDNA3.1-SP1 group were significantly decreased with connective tissue proliferation. In the miR-375 mimics group, cells in SNpc region were dense, arranged in order and clear in interstitium.

![**Morphological observation of rats with PD in each group (n = 12).** (**A**) HE staining of substantia nigra in each group (× 100, the arrow indicates the neurons); (**B**) Nissl staining of substantia nigra in each group (× 200, the arrow indicates the Nissl positive neurons); (**C**) Comparison of the number of Neuron staining positive neurons in the substantia nigra of rats in each group; \* *P* \< 0.05 vs the normal group; \# *P* \< 0.05 vs the mimics NC group; & *P* \< 0.05 vs the miR-375 mimics group. The measurement data were expressed as mean ± standard deviation and ANOVA was used for the comparison among multiple groups. After ANOVA analysis, the Tukey's post-hoc test was used for pairwise comparison.](aging-12-102649-g002){#f2}

Nissl staining ([Figure 2B](#f2){ref-type="fig"}, [2C](#f2){ref-type="fig"}) showed that the numbers of Nissl positive neurons in SNpc region of rats in the normal group and the sham group were more than that in the model group (*P* \< 0.05). There was no significant difference in the numbers of Nissl positive neurons in SNpc region among the model group, the mimics NC group and the miR-375 mimics + pcDNA3.1-SP1 group (all *P* \> 0.05). The number of Nissl positive neurons in the miR-375 mimics group was significantly higher than that in the mimics NC group (*P* \< 0.05), and the number of Nissl positive neurons in the miR-375 mimics + pcDNA3.1-SP1 group was significantly lower than that in the miR-375 mimics group (*P* \< 0.05).

These outcomes revealed that the elevation of miR-375 has the ability to ameliorate the pathological injury in SNpc region of 6-OHDA-incuced Parkinson's disease rats.

Determination of dopamine in the striatum of rats with Parkinson's disease in each group
----------------------------------------------------------------------------------------

To assess the effects of 6-OHDA injection and elevated miR-375 on dopamine content of 6-OHDA-incuced Parkinson's disease rats, HPLC was used to measure the dopamine content in the striatum of the rats. HPLC measurements of dopamine content in the striatum showed ([Figure 3](#f3){ref-type="fig"}) that there was no significant difference in dopamine content in striatum of rats between the normal group and the sham group (*P* \> 0.05). Compared with the normal group, dopamine content in striatum of rats was significantly decreased in the model group (*P* \< 0.05). There was no significant difference in dopamine contents in striatum of rats among the model group, the mimics NC group and the miR-375 mimics + pcDNA3.1-SP1 group (all *P* \> 0.05). The content of dopamine in striatum of rats in the miR-375 mimics group was significantly higher than that in the mimics NC group (*P* \< 0.05), and the dopamine content in striatum of rats in the miR-375 mimics + pcDNA3.1-SP1 group was significantly lower than that in the miR-375 mimics group (*P* \< 0.05). These data unearthed that the up-regulated miR-375 could reverse the decrease of dopamine content in the striatum of rats that induced by 6-OHDA treatment.

![**Detection of dopamine content in striatum of rats in each group (n = 12).** (**A**) Dopamine content in the striatum of rats; (**B**) Dopamine content in the striatum of rats in the normal group was measured by HPLC; (**C**) Dopamine content in the striatum of rats in the model group was measured by HPLC; \* *P* \< 0.05 vs the normal group; \# *P* \< 0.05 vs the mimics NC group; & *P* \< 0.05 vs the miR-375 mimics group. The measurement data were expressed as mean ± standard deviation and ANOVA was used for the comparison among multiple groups. After ANOVA analysis, the Tukey's post-hoc test was used for pairwise comparison.](aging-12-102649-g003){#f3}

TH positive neurons in substantia nigra of rats in each group
-------------------------------------------------------------

In order to evaluate the impacts of 6-OHDA injection and elevated miR-375 on neuronal injury in the SNpc region of 6-OHDA-incuced Parkinson's disease rats, immunohistochemical staining was applied to assess the neuronal injury in the SNpc region of rats.

Immunohistochemical detection of TH in the substantia nigra of rats in each group ([Figure 4A](#f4){ref-type="fig"}) showed that the TH immunoreactive neurons in the SNpc region were brown, which were densely distributed, large in number and cell bodies, with obvious neuronal protuberance of rats in the normal and sham groups. In the model group, the number of TH immunoreactive neurons in the SNpc region was significantly decreased, and the cell body contours and processes of the neurons were not clear. In the miR-375 mimics group, the TH immunoreactive neurons in the SNpc area were brown, which were stained deeply, and the number of TH immunoreactive neurons was larger. More neuronal processes could be seen in the SNpc region. The number of TH positive cells in the substantia nigra of rats in each group is shown in [Figure 4B](#f4){ref-type="fig"}. The results suggested that the number of TH positive cells in substantia nigra in the model group was significantly lower than that in the normal group and the sham group (*P* \< 0.05). The number of TH positive neurons in the miR-375 mimics group was significantly higher than that in the model group and the mimics NC group (*P* \< 0.05). There was no significant difference in the number of TH positive neurons among the model group, the mimics NC group and the miR-375 mimics + pcDNA3.1-SP1 group (*P* \> 0.05). The number of TH positive neurons in the miR-375 mimics + pcDNA3.1-SP1 group was significantly less than that in the miR-375 mimics group (*P* \< 0.05). We could find from the outcomes that the elevation of miR-375 was able to reverse the decrease of TH positive neurons that induced by 6-OHDA treatment.

![**Expression of TH positive neurons in the substantia nigra of rats in each group (n = 12).** (**A**) Immunohistochemical staining of TH in substantia nigra of rats in each group (× 400, the arrow indicates the TH positive neurons); (**B**) Number of TH positive cells in substantia nigra of rats in each group; \* *P* \< 0.05 vs the normal group; \# *P* \< 0.05 vs the mimics NC group; & *P* \< 0.05 vs the miR-375 mimics group. The measurement data were expressed as mean ± standard deviation and ANOVA was used for the comparison among multiple groups. After ANOVA analysis, the Tukey's post-hoc test was used for pairwise comparison.](aging-12-102649-g004){#f4}

Expression of apoptosis-related proteins Caspase-3, Bax and Bcl-2 in substantia nigra of rats in each group
-----------------------------------------------------------------------------------------------------------

The protein expression levels of apoptosis-related proteins (Caspase-3, Bax and Bcl-2) were determined by Western blot analysis to measure the effects of 6-OHDA injection and elevated miR-375 on cell apoptosis in substantia nigra.

As shown in [Figure 5](#f5){ref-type="fig"}, the results showed that the expression of apoptosis-related proteins Caspase-3, Bax and Bcl-2 in substantia nigra of rats in the normal group and the sham group were not significantly different (all *P* \> 0.05). In the model group, the protein expression of pro-apoptotic factors Caspase-3 and Bax was up-regulated, and the expression of anti-apoptotic factor Bcl-2 was down-regulated in the substantia nigra relative to the normal group (all *P* \< 0.05). There was no significant difference in the expression of Caspase-3, Bax and Bcl-2 in the substantia nigra of rats among the model group, the mimics NC group and the miR-375 mimics + pcDNA3.1-SP1 group (all *P* \> 0.05). The protein expression of Caspase-3 and Bax was down-regulated, and the expression of Bcl-2 was up-regulated in the substantia nigra of rats in the miR-375 mimics group relative to the mimics NC group (all *P* \< 0.05). Compared with the miR-375 mimics group, the protein expression of Caspase-3 and Bax was up-regulated, and the expression of Bcl-2 was down-regulated in the substantia nigra of rats in the miR-375 mimics + pcDNA3.1-SP1 group (all *P* \< 0.05). It could be found that the elevated miR-375 could reverse the promotion of cell apoptosis in substantia nigra of rats that induced by 6-OHDA treatment.

![**Expression of apoptosis-related proteins Caspase-3, Bax and Bcl-2 in substantia nigra of rats in each group (n = 12).** (**A**) Protein bands of apoptosis-related proteins Caspase-3, Bax and Bcl-2 in substantia nigra of rats in each group; (**B**) Expression of apoptosis-related proteins Caspase-3, Bax and Bcl-2 in substantia nigra of rats in each group; \* *P* \< 0.05 vs the normal group; \# *P* \< 0.05 vs the mimics NC group; & *P* \< 0.05 vs the miR-375 mimics group. The measurement data were expressed as mean ± standard deviation and ANOVA was used for the comparison among multiple groups. After ANOVA analysis, the Tukey's post-hoc test was used for pairwise comparison.](aging-12-102649-g005){#f5}

Changes of oxidative stress in substantia nigra of rats in each group
---------------------------------------------------------------------

The contents of oxidative stress factors (SOD, GSH-Px and MDA) in the substantia nigra were determined by ELISA to assess the role of up-regulated miR-375 in oxidative stress response of 6-OHDA-induced Parkinson's disease rats ([Figure 6](#f6){ref-type="fig"}). The results indicated that there was no significant difference in the contents of SOD, GSH-Px and MDA in the substantia nigra between the normal group and the sham group (all *P* \> 0.05). Compared with the normal group, the content of MDA increased significantly while the activities of SOD and GSH-Px decreased significantly in the substantia nigra of rats in the model group (all *P* \< 0.05). There was no significant difference in the contents of SOD, GSH-Px and MDA in the substantia nigra among the model group, the mimics NC group and the miR-375 mimics + pcDNA3.1-SP1 group (all *P* \> 0.05). The content of MDA decreased significantly while the activities of SOD and GSH-Px increased significantly in the substantia nigra of rats in the miR-375 mimics group relative to the mimics NC group (all *P* \< 0.05). Compared with the miR-375 mimics group, the content of MDA was significantly increased, while the activities of SOD and GSH-Px were significantly decreased in substantia nigra of rats in the miR-375 mimics + pcDNA3.1-SP1 group (all *P* \< 0.05). These results mirrored that the elevation of miR-375 was able to attenuate the oxidative stress response in the substantia nigra of rats that induced by 6-OHDA treatment.

![**Changes of MDA content, SOD and GSH-Px activity in substantia nigra of rats in each group (n = 12).** (**A**) MDA content in substantia nigra of rats in each group; (**B**) SOD activity in substantia nigra of rats in each group; (**C**) GSH-Px activity in substantia nigra of rats in each group; \* *P* \< 0.05 vs the normal group; \# *P* \< 0.05 vs the mimics NC group; & *P* \< 0.05 vs the miR-375 mimics group. The measurement data were expressed as mean ± standard deviation and ANOVA was used for the comparison among multiple groups. After ANOVA analysis, the Tukey's post-hoc test was used for pairwise comparison.](aging-12-102649-g006){#f6}

Expression of inflammatory factors TNF-α, IL-6 and IL-1β in substantia nigra of rats in each group
--------------------------------------------------------------------------------------------------

The mRNA expression and protein expression of inflammatory factors (TNF-α, IL-6 and IL-1β) in the substantia nigra were respectively measured by RT-qPCR and ELISA to assess the effect of elevated miR-375 in inflammatory response of 6-OHDA-induced Parkinson's disease rats.

The mRNA expression of TNF-α, IL-6 and IL-1β in substantia nigra of rats in each group was detected by RT-qPCR and the protein expression was evaluated by ELISA ([Figure 7](#f7){ref-type="fig"}). The results suggested that there was no significant difference in TNF-α, IL-6 and IL-1β mRNA and protein expression in the substantia nigra between the normal group and the sham group (all *P* \> 0.05). Compared with the normal group, TNF-α, IL-6 and IL-1β mRNA and protein expression was increased significantly in the substantia nigra of rats in the model group (all *P* \< 0.05). There was no significant difference in TNF-α, IL-6 and IL-1β mRNA and protein expression in the substantia nigra among the model group, the mimics NC group and the miR-375 mimics + pcDNA3.1-SP1 group (all *P* \> 0.05). TNF-α, IL-6 and IL-1β mRNA and protein expression was decreased significantly in the substantia nigra of rats in the miR-375 mimics group relative to the mimics NC group (all *P* \< 0.05). Compared with the miR-375 mimics group, TNF-α, IL-6 and IL-1β mRNA and protein expression was significantly increased in substantia nigra of rats in the miR-375 mimics + pcDNA3.1-SP1 group (all *P* \< 0.05). The above outcomes indicated that the up-regulation of miR-375 has the capacity to relieve the inflammatory response in substantia nigra of the 6-OHDA-induced Parkinson's disease rats.

![**Expression of inflammatory factors TNF-α, IL-1β and IL-6 in substantia nigra of rats in each group (n = 12).** (**A**) mRNA expression of inflammatory factors TNF-α, IL-1β and IL-6 in substantia nigra of rats in each group; (**B**--**D**) Expression of inflammatory factors TNF-α, IL-1β and IL-6 in substantia nigra of rats in each group; \* *P* \< 0.05 vs the normal group; \# *P* \< 0.05 vs the mimics NC group; & *P* \< 0.05 vs the miR-375 mimics group. The measurement data were expressed as mean ± standard deviation and ANOVA was used for the comparison among multiple groups. After ANOVA analysis, the Tukey's post-hoc test was used for pairwise comparison.](aging-12-102649-g007){#f7}

Expression of miR-375 and SP1 in the substantia nigra of rats in each group
---------------------------------------------------------------------------

To measure the impact of 6-OHDA injection on the expression of miR-375 and SP1 in the substantia nigra, and the regulatory role of miR-375 in SP1 expression, we used RT-qPCR and Western blot analysis to determine the expression of miR-375 and SP1 in the substantia nigra of rats in each group.

The results showed ([Figure 8A](#f8){ref-type="fig"}) that the expression of miR-375 in substantia nigra of rats in the normal group and the sham group had no significant difference (*P* \> 0.05). Compared with the normal group, the expression of miR-375 in the substantia nigra of rats in the model group was decreased (*P* \< 0.05), but the expression of miR-375 in the substantia nigra of rats in the model group was not significantly different from that in the mimics NC group (*P* \> 0.05). In comparison to the mimics NC group, the expression of miR-375 in substantia nigra of rats was significantly increased in the miR-375 mimics group (*P* \< 0.05). There was no significant difference in the expression of miR-375 in substantia nigra of rats in the miR-375 mimics + pcDNA3.1-SP1 rats compared with the miR-375 mimics group (*P* \> 0.05).

![**Expression of miR-375 and SP1 in the substantia nigra of rats in each group (n = 12).** (**A**) Expression of miR-375 and SP1 mRNA in the substantia nigra of rats in each group; (**B**, **C**) Expression of SP1 protein in the substantia nigra of rats in each group; \* *P* \< 0.05 vs the normal group; \# *P* \< 0.05 vs the mimics NC group; & *P* \< 0.05 vs the miR-375 mimics group. The measurement data were expressed as mean ± standard deviation and ANOVA was used for the comparison among multiple groups. After ANOVA analysis, the Tukey's post-hoc test was used for pairwise comparison.](aging-12-102649-g008){#f8}

RT-qPCR and western blot analysis were used to detect the expression of SP1 mRNA and protein in substantia nigra of rats ([Figure 8A](#f8){ref-type="fig"}--[8C](#f8){ref-type="fig"}). The results showed that the expression of SP1 mRNA and protein in substantia nigra of rats in the normal group and the sham group had no significant difference (*P* \> 0.05). Compared with the normal group, the expression of SP1 mRNA and protein was significantly increased in the substantia nigra of rats in the model group (*P* \< 0.05), while the expression of SP1 mRNA and protein in the substantia nigra of rats was not significantly different in the model group, mimics NC group and the miR-375 mimics + pcDNA3.1-SP1 group (*P* \> 0.05). In comparison to the mimics NC group, the expression of SP1 mRNA and protein in substantia nigra of rats was significantly decreased in the miR-375 mimics group (*P* \< 0.05). The expression of SP1 mRNA and protein in substantia nigra of rats in the miR-375 mimics + pcDNA3.1-SP1 group was significantly higher than that in the miR-375 mimics group (*P* \< 0.05).

These data reflected that miR-375 was poorly expressed, while SP1 was highly expressed in the substantia nigra of Parkinson's disease rats, and the up-regulated miR-375 could inhibit the expression of SP1.

SP1 is determined as a target gene of miR-375
---------------------------------------------

In order to analyze the regulatory relation between miR-375 and SP1, the binding sites of SP1 and miR-375 were determined by an online prediction software TargetScan. The sequence of 3\'-UTR region combined with SP1 mRNA and miR-375 is shown in [Figure 9A](#f9){ref-type="fig"}. In order to prove that the predicted binding sites of miR-375 resulted in the change of luciferase activity, the mutation type (MUT) sequence and wild type (WT) sequence of SP1 3\'UTR with or without miR-375 were designed respectively to insert into the reporter plasmid. Using luciferase activity assay, the recombinant plasmids of miR-375 mimics, WT-miR-375/SP1 or MUT-miR-375/SP1 were cotransfected into 293T cells. The results showed that miR-375 mimics had no significant effect on luciferase activity in MUT-miR-375/SP1 plasmid, but significantly decreased luciferase activity in WT-miR-375/SP1 plasmid ([Figure 9B](#f9){ref-type="fig"}), indicating that SP1 was targeted by miR-375.

![**SP1 is determined as a target gene of miR-375.** (**A**) TargetScan prediction of target site for SP1 and miR-375; (**B**) Detection of the luciferase activity by dual luciferase reporter gene assay; the independent experiment was repeated 3 times. The data represent the mean ± standard deviation of three independent experiments.](aging-12-102649-g009){#f9}

DISCUSSION
==========

Parkinson's disease commonly develops due to a complex net of pathological changes, such as oxidative stress, neuroinflammation and mitochondrial and proteasomal dysfunction \[[@r23]\]. It has been reported that the exposure of dopamine neurons to 6-OHDA contributes to the neurotoxin uptake by the dopamine transporter together with its subsequent oxidation to both reactive oxygen species and free radicals \[[@r5]\]. However, the deficiency in efficient biomarkers impedes timely intervention of Parkinson's disease, which demands continuous endeavors \[[@r24]\]. Even though the 6-OHDA is commonly utilized to establishment experimental models of Parkinson's disease, it remains unclear how 6-OHDA relates the disease mechanism in humans. In this present study, we aim to investigate the roles of miR-375 and the transcription factor SP1 in the protection of dopaminergic neurons in Parkinson's disease. Altogether, the results in our study demonstrate that overexpression of miR-375 down-regulated the expression of SP1, thus improving the damage of dopaminergic neurons caused by 6-OHDA in Parkinson's disease, and may play a protective role by reducing oxidative stress damage.

First of all, we found out that the expression of miR-375 was decreased in Parkinson's disease. In recent years, genome-wide miRNA expression profiling studies elucidated that miR-375 is found to be significantly down-regulated in malignant tumors, such as hepatocellular carcinoma, gastric cancer and glioma \[[@r25]--[@r27]\]. Additionally, some recent studies have also identified the expression of miR-375 acts as a tumor suppressor in a large number of tissues \[[@r28], [@r29]\]. In addition, this study suggested that the overexpression of miR-375 ameliorated the damage of dopaminergic neurons, reduced oxidative stress and inflammation in Parkinson's disease. There are some studies concentrated on the relationship between miR-375 and nervous system diseases. For instance, a study has suggested that miR-375 is elevated in the development of human spinal motor neuron, and its elevation can facilitate spinal motor neurogenesis \[[@r30]\]. Moreover, Li *et al*. have illuminated that the up-regulation of miR-375 could ameliorate morphine analgesic tolerance in mouse dorsal root ganglia \[[@r15]\], and it has been recently testified that the inhibition of miR-375 was able to attenuate ketamine-induced neurotoxicity in human embryonic stem cell derived neurons \[[@r31]\].

As for the relationship between SP1 and Parkinson's disease, some important transcription factors that decide their phenotype were overexpressed in the dopamine neurons, and some of these transcription factors keeping their overexpression into adulthood \[[@r32]\]. In this present study, we also found that the expression of SP1 was increased in Parkinson's disease progression. In addition, this study suggested that the down-regulation of SP1 ameliorated the damage of dopaminergic neurons, reduced oxidative stress and inflammation in Parkinson's disease. A study has suggested that the elevation of SP1 levels could trigger cell death in neurodegenerative disorders, including Alzheimer's disease \[[@r16]\], making it an interesting candidate for therapeutic intervention of neurodegenerative disorders. Except that, SP1 is dramatically up-regulated in embryonic cortical neurons in response to oxidative stress \[[@r33]\], and it up-regulates the expression of manganese superoxide dismutase, which protects the mitochondrion from reactive oxygen species-induced damage \[[@r34]\], suggesting SP1 might be a oxidative stress-induced transcription factor that represses neuronal survival in cortical neurons. Furthermore, inhibition of SP1 has been proved to delay neuron loss and prolong lifespan \[[@r35]\].

It has been demonstrated that miRNA deregulation contributes to neuronal dysfunction in neurodegenerative disorders, which underlies the altered expression of key target genes \[[@r36]\], and miRNAs are able to conduct targeted-mRNA degradation or translational inhibition via sequence complementarity to 3'UTR of mRNAs \[[@r37], [@r38]\]. This study further verified the target relationship between miR-375 and SP1. Similar to our results, miR-375 is reduced in squamous cervical cancer and the up-regulation of miR-375 inhibits cell migration and invasion through suppressing transcription factor SP1 \[[@r21]\]. Another study also confirmed that the overexpressed miR-375 could suppress the synthesis and secretion of catecholamines in rat adrenal medulla by reducing SP1 \[[@r22]\]. Moreover, elevated miR-375 is found to inhibit the invasion and metastasis, and regulate epithelial-mesenchymal transition-associated genes of colorectal cancer via inhibiting SP1 \[[@r39]\].

CONCLUSION
==========

In summary, our study suggests that the up-regulation of miR-375 ameliorated the damage of dopaminergic neurons, reduced oxidative stress and inflammation in Parkinson's disease by inhibiting SP1. Thus, miR-375 and its target gene SP1 have potential as biomarkers and as therapeutic targets for Parkinson's disease.

MATERIALS AND METHODS
=====================

Ethics statement
----------------

This study protocol was approved by the Experimental Animal Ethics Committee of Guizhou Provincial People's Hospital. The animal experiment was strictly adhered to the principle to minimize the pain and suffering to experimental animals.

Experimental animals
--------------------

Healthy male Wistar rats, weighted 220 g-250 g and aged 3 months \[[@r40]\], were provided by Hunan SJA Laboratory Animal Co., Ltd (Hunan, China). The rats were kept in the room at 22-25°C with 12 h day/night cycle, and they had free access to water and food. The cages and pads were changed every 2 days, and the rats were adapted to the laboratory environment for one week before experiment.

Establishment of rat models of Parkinson's disease
--------------------------------------------------

The randomly-assigned experimental rats were anesthetized by 0.5 mL/100 g chloral hydrate (Shanghai Chemical Reagent Co. Ltd., Shanghai, China) and fixed in the prone position in a stereoscopic locator of the rat's brain (RWD Life Science Co., Shenzhen, China). The head skin of rat was disinfected with 75% ethanol and cut open by a sharp surgical knife, thereby the skull was exposed and the anterior fontanelle was chosen as the origin point. Two points of the right medial forebrain tract were drilled according to the Paxinos & Watson pattern: (1) 4.0 mm behind the anterior fontanelle, 0.8 mm right of the anterior fontanelle and 0.8 mm below the endocranium; (2) 4.4 mm behind the anterior fontanelle, 1.2 mm right of the anterior fontanelle and 7.8 mm below the endocranium. The dosage of 6-OHDA (Sigma-Aldrich, St. Louis, MO, USA) was 2.25 μL and 2.7 μL (1 μL/min for 5 min). The needle was pulled out slowly, the skin was disinfected and the scalp was sutured. Penicillin was used to prevent infection for 3 days, with 200,000 U per day. The same method was used to inject 2.25 μL and 2.7 μL normal saline into the medial forebrain tract of rats in the sham group.

Animal treatment
----------------

Seventy-two healthy male Wistar rats were randomly divided into 6 groups (n = 12) by random digital table: the normal group (without any treatment), the sham group (two points injection of right medial forebrain bundle of normal saline), the model group (two-point injection of the right medial forebrain bundle of 6-OHDA), the mimics negative control (NC) (the miR-375 mimics NC was used to pretreat the substantia nigra of rats, and then the two points injection of the right medial forebrain bundle of 6-OHDA was performed), the miR-375 mimics group (miR-375 mimics was used to pretreat the substantia nigra of rats, and then two points injection into the right medial forebrain bundle of 6-OHDA was performed) and the miR-375 mimics + pcDNA3.1-SP1 group (miR-375 mimics and pcDNA3.1-SP1 were used to pretreat the substantia nigra of rats, and then two points injection to the right medial forebrain bundle of 6-OHDA was performed). The nigra injection steps were the same with the model establishment procedures. The injection dose of mimics NC, miR-375 mimics and the combination of miR-375 mimics and pcDNA3.1-SP1 was 1 μL each and the speed was 0.1 μL/min for 10 min. The needle was pulled out slowly, the skin was disinfected and the scalp was sutured. Penicillin was used to prevent infection for 3 days, with 200,000 U per day. The mimics NC, miR-375 mimics and pcDNA3.1-SP1 were provided by Shanghai Genechem Co., Ltd. (Shanghai, China).

Animal behavior determination
-----------------------------

Rotation test: The rats of each model group and intervention group were intraperitoneally injected with apomorphine (0.5 mg/kg) on the 25^th^ day after 6-OHDA injection \[[@r41]\]. The rotational behavior of the rats was observed and recorded after 5 min. The standard was to rotate to the opposite side of the injury with the opposite hind limb as the supporting point, the head and tail were joined, and the body bent into a circle and rotated. The rotation times of each group of rats in 30 min were counted.

Open field test: The length, width and height of the open field test box were 100 × 100 × 40 cm, the bottom was divided into 25 squares of 20 × 20 cm, and the inner wall and bottom were painted black. The rats of each model group and the intervention group were placed in the center of the open field experiment box in turn, and the walking distance, average velocity and central lattice residence time of the rats were recorded in one minute. The open field test box was disinfected with 75% alcohol after each rat was tested, and the remaining odors were removed for the next test.

Stepping test: The rats were forced to support their bodies by the fore limbs on a desk (length at 10 cm and width at 40 cm) with their tails grasped by the experimenter and the fore limbs coated with edible pigment, then slowly dragged backward by the experimenter for 1 m, and the steps of the bilateral fore limbs were recorded. Before the experiment, the rats were stroked and grasped by the experimenter for 3 min to make it easier for the rats to adapt to the grasp. The contralateral step adjustment (%) = (number of contralateral steps/number of total steps) × 100%.

Cylinder test: The rats were put into a transparent cylinder (diameter at 21 cm and height at 30 cm) and the times of their left, right and bilateral fore limbs touching the wall in 5 min were recorded. The posterior limbs were set as the supporting points, and unilateral or bilateral fore limbs touching the wall then returning to the bottom was recorded as one time of contralateral touch (one side of the limb firstly touching wall and followed by the other side of the limb was recorded as a bilateral touch). The cylinder was wiped by ethanol after the test of each rat. The contralateral utilization ratio (%) = \[(number of contralateral touches + ½ number of bilateral touches)/number of total touches\] × 100%.

Hematoxylin-eosin (HE) staining and Nissl staining
--------------------------------------------------

After the behavioral measurement, the rats in each group were euthanized, and the brain tissues of each group were harvested and fixed with paraformaldehyde. The brain tissues were hydrated with 70%, 80% and 95% gradient alcohol for 12 h each, and n-butyl alcohol for 6 h. The tissues were waxed at 60°C overnight, then were embedded and sliced continuously with the slice thickness of 6-8 μm. One slice was taken every 3 pieces.

HE staining: Paraffin sections were routinely washed by distilled water, stained with Mayer hematoxylin at room temperature for 5 min and flushed with tap water for l min to make the nucleus return to blue. Next, the sections were counterstained with 1% eosin alcohol solution for l min, followed by alcohol dehydration, xylene permeabilization and sealing. The nucleus was blue and the cytoplasm was purplish red.

Nissl staining: The coronal sections of the brain were attached to the slides, dried naturally, and then soaked in xylene for 10 min, 100% ethanol for 10 min, 95% ethanol for 5 min and 70% ethanol for 10 min. The sections were washed with distilled water and stained in 0.5% coke violet solution (pH = 3.9) for 30 min, then rinsed with distilled water for 3 min. Subsequently, the sections were decolorized in 70% ethanol, 95% ethanol (pH = 4.1) and 100% ethanol, followed by xylene permeabilization and sealing with neutral balsam. Nissl staining positive neurons were counted under a microscope. The staining standards were as follows: The positive neurons had clear nucleolus and blue cytoplasm, and the nuclei were thinly stained. Three sections in each case were selected and survival neurons (Nissl positive neurons) in 4 fields of view in each section were counted.

High performance liquid chromatography (HPLC)
---------------------------------------------

After the behavioral measurement, the rats in each group were euthanized, and the brain tissues of each group were weighed and homogenated with ultrasound. The supernatant of brain homogenate was collected after centrifugation at 4°C. The liquid collected after filtration with a 0.22 μm microporous filter was the sample solution to be tested. The chromatographic conditions were set as follows: chromatographic column: YWG-C18 column (250 mm × 46 mm); mobile phase A: domestic chromatographic pure methanol; mobile phase B: 0.1 mol/L sodium acetate, ultra-pure water configuration. The mobile phase A and B was mixed in a certain proportion and filtered with 0.22 μm microporous membrane. The sample quantity was 40 μL/time by ultrasonic degassing for 20 min, and then gradient elution was carried out. The mixed standard solution of different concentrations was used (40 μL each). The regression equation and linear range of the neurotransmitter dopamine were calculated with the peak area Y as the vertical coordinate and the sample concentration X (ng/mL) as the transverse coordinate. According to the measured peak area, the concentration of neurotransmitter dopamine in the sample solution was calculated according to the regression equation.

Immunohistochemical staining
----------------------------

The sections were dewaxed, hydrated, and treated with 3% methanol-hydrogen peroxide solution for 15 min at 37°C, and added with normal goat serum sealant for 30 min at 37°C following antigen retrieval in sodium citrate buffer. Afterwards, the primary antibody to tyrosine hydroxylase (TH, 1 : 1000) was supplemented and the sections were washed several times, and then the sections were appended with horseradish peroxidase-labeled secondary antibody immunoglobulin G (IgG, 1 : 200) and washed several times. Lastly, the sections were developed with diaminobenzidine (DAB), followed by hematoxylin counterstaining, dehydration, permeabilization and neutral balsam sealing. TH immunoreactive neurons were observed and counted under a light microscope.

Detection of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) and malondialdehyde (MDA) in striatum
--------------------------------------------------------------------------------------------------------------

The rats were euthanized to obtain the striatum of the substantia nigra. The brain tissues were weighed and homogenized by ultrasonic. The brain tissue homogenate was centrifuged at 4°C and the supernatant was collected. The protein concentration was determined by Coomassie brilliant blue method. The absorbance of MDA, SOD and GSH-Px in homogenate was measured at 532 nm, 550 nm and 422 nm respectively with a spectrophotometer based on the instructions of MDA, SOD and GSH-Px kits (NanJing JianCheng Bioengineering Institute, Nanjing, China).

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

The nigral tissues retained in the liquid nitrogen tank were taken out and maintained at the low temperature. Next, the samples in each group were diluted according to a fixed proportion of normal saline. After that, the homogenized samples were centrifuged at 4°C for 20 min (3000 rpm). The expression of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6) in the supernatant of substantia nigra was detected by ELISA kits. The optical density (OD) value was measured at 450 nm (within 10 min after termination). All OD values should be calculated after zero-well value was deducted. The standard curve was drawn by computer Curve Expert 1. 3 analysis software, and the sample content was calculated.

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

The Trizol method (Takara, Dalian, China) was implemented to extract the total RNA. Nanodrop2000 (Thermo Fisher Scientific, San Jose, CA, USA) was used to determine the concentration and quality of RNA. The complementary DNA (cDNA) was obtained according to the instructions of the reverse transcription kits (DRR047S, Takara, Dalian, China). The obtained cDNA was added with 65 μL diethyl pyrocarbonate (DEPC) and mixed. PCR primer was designed and synthesized by Shenzhen BGI (Shenzhen, China) ([Table 1](#t1){ref-type="table"}). U6 was taken as the internal reference of miR-375, and glyceraldehyde phosphate dehydrogenase (GAPDH) was taken as the internal reference of SP1, TNF-α, IL-6 and IL-1β. There were six duplicates in each gene of each sample. The 2^-ΔΔCt^ method \[[@r42]\] was used to analyze the ratio relation of target gene expression between the experimental group and the control group: ΔΔCt = \[Ct ~(target\ gene)~ - Ct ~(internal\ control\ gene)~\] ~experimental\ group~ - \[Ct ~(target\ gene)~ - Ct ~(internal\ control\ gene)~\] ~control\ group~.

###### Primer sequence.

  --------------------------------------- ----------------------------------------
  **Gene**                                **Sequence (5′ - 3′)**
  miR-375                                 Forward: 5′- CCCCAAGGCTGATGCTGAGAAG-3′
  Reverse: 5′- GCCGCCCGGCCCCGGGTCTTC-3′   
  U6                                      Forward: 5′- CTCGCTTCGCAGCACA -3′
  Reverse: 5′- AACGCTTCACGAATTTGCGT -3′   
  SP1                                     Forward: 5′-TGCAGCAGAATTGAGTCACC-3′
  Reverse: 5′-CACAACATACTGCCCACCAG-3′     
  TNF-α                                   Forward: 5′-TCAGCCGATTTGCCATTTCAT-3′
  Reverse: 5′-ACACGCCAGTCGCTTCACAGA-3′    
  IL-1β                                   Forward: 5′-GTCCTTTCACTTGCCCTCAT-3′
  Reverse: 5′-CAAACTGGTCACAGCTTTCGA-3′    
  IL-6                                    Forward: 5′-AAATGCCTCGTGCTGTCTGACC-3′
  Reverse: 5′-GGTGGGTGTGCCGTCTTTCATC-3′   
  GAPDH                                   Forward: 5′-AACGGATTTGGTCGTATTGGG-3′
  Reverse: 5′-TCGCTCCTGGAAGATGGTGAT-3′    
  --------------------------------------- ----------------------------------------

Note: miR-375, microRNA-375; SP1, specificity protein 1; GAPDH, glyceraldehyde phosphate dehydrogenase.

Western blot analysis
---------------------

The proteins from cells were extracted and the protein concentrations were determined referring to the instructions of the bicinchoninic acid assay kits (Beyotime Institute of Biotechnology, Shanghai, China). The proteins were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. Subsequently, the protein samples were transferred to polyvinylidene fluoride membranes and blocked with 5% bovine serum albumin at 4°C. Afterwards, the membranes were added with the primary antibodies to SP1 (1 : 500), Caspase-3 (1 : 500), Bax (1 : 1000), Bcl-2 (1 : 500) (Abcam, Cambridge, MA, USA) and GAPDH (1: 1000) (Millipore Corporation, Bedford, CA, USA) and incubated at 4°C overnight. The membranes were then rinsed with Tris-buffered saline and Tween 3 times. The membranes were incubated with corresponding horseradish peroxidase-labeled secondary antibodies (Abcam, Cambridge, MA, USA) for 1 h at 37°C. An enhanced chemiluminescent solution was used for developing. The gray value of the target band was analyzed by Image J software.

Dual luciferase reporter gene assay
-----------------------------------

A bioinformatics software <http://www.targetscan.org> was used to predict the targeting relationship between miR-375 and SP1 and the binding sites of miR-375 on SP1 3′-untranslated region (3'UTR). The restriction endonuclease Hind III and Spe I were introduced into the forward and reverse primers and the mutation sequence of the binding site was designed. The target sequence was synthesized by GenScript (Nanjing) Co., Ltd. (Nanjing, China). The target product and pMIR-REPORT™ Luciferase vector plasmid were digested by restriction enzyme Hind III and Spe I. The products were recycled and ligated with T4 DNA ligase, and transformed into Escherichia coli DH5α competent cells. In the 12-well plate, 1 × 10^5^ 293T cells were seeded into each well. The cells were cotransfected with recombinant plasmid and miR-375 mimics for 48 h according to the corresponding set group. After 48 h, the cell culture medium was discarded and phosphate buffered saline was added for 3-time washing. The luciferase activity was detected with a luciferase detection kit.

Statistical analysis
--------------------

All statistical analyses were performed using the SPSS 21.0 software (IBM SPSS, Inc., Chicago, IL, USA). The data in normal distribution were verified by Kolmogorov-Smirnov test. The measurement data were expressed as mean ± standard deviation. The t test was used for the comparison between the two groups, and one-way analysis of variance (ANOVA) was used for the comparison among multiple groups. After ANOVA analysis, the Tukey's post-hoc test was used for pairwise comparison. *P* values ≤ 0.05 were considered statistically significant.
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